A pig model of reduced left ventricular (LV) function and remodeling or chronic heart failure with long survival after myocardial infarction (MI) has not been established. The aim of this study was to evaluate the pathophysiologic status of a pig model of old MI using a series of PET studies. Methods: Twenty-seven male farm pigs were divided into 2 groups: 7 animals in the control group and 20 animals that underwent a proximal coronary artery (CA) occlusion using an ameroid constrictor after distal CA ligation. A series of PET examinations was performed to assess LV volumes, LV functions, myocardial perfusion response to adenosine, and viability as water-perfusable tissue index. Results: The distal CA ligation inhibited arrhythmia during and after the operation, and a transmural anteroseptal MI, with an infarction area of 27% 6 5% of the whole left ventricle, was generated with a survival rate of 75% at 4 mo. Wall motion evaluated by 18 F-FDG PET was diffusely reduced, including the noninfarcted wall. Global LV ejection fraction as assessed by gated C 15 O PET was reduced (39% 6 16%) in the group undergoing occlusion, compared with the control group (66% 6 16%, P , 0.05). LV end-systolic (31.4 6 9.2 cm 3 ) and end-diastolic (52.7 6 10.2 cm 3 ) volumes were increased, compared with controls (15.2 6 9.4 cm 3 , P , 0.01, and 41.7 6 11.5 cm 3 , P , 0.05, respectively). Histology showed hypertrophy and development of microscopic fibrosis in noninfarcted myocardium. PET demonstrated the reduced myocardial perfusion response to adenosine and also reduced water-perfusable tissue index in remote segments. Conclusion: The pig model of old MI generated by the chronic proximal CA obstruction after distal ligation was characterized by LV dysfunction and remodeling, with a high survival rate.
cern (1) . Myocardial infarction (MI) is the cause of CHF in two thirds of the patients, and the morbidity and mortality remain high (2, 3) . The potential therapies, such as new class of pharmacologic agents and cell therapy (4), need to be tested in proper animal models to demonstrate the effects and outcome before initiating clinical trials. Dogs have been extensively used in heart research. Because the coronary arterial systems in dogs can develop collaterals quickly when myocardial ischemia occurs, it has been difficult to produce a large MI that typically introduces CHF with general characteristics of left ventricular (LV) remodeling (5) .
Pigs have been considered better suited than dogs for pathophysiologic research of ischemic heart diseases, because the coronary system of pigs is more similar to that of humans (6) . Tolerance of ischemia and denervation after ischemia in pigs is also similar to that in humans (6) . Because of the delayed development of collaterals after occlusion, ligation of a peripheral part of the coronary arterial system generates a small MI (7) . However, an experimental model of large MI introducing global LV dysfunction is difficult to develop, because sudden cardiac death (SCD) due to fatal arrhythmias and an intolerance of ischemia frequently occurs in pigs (8) . The models of small MI made by the ligation of a peripheral part of the coronary arterial system demonstrate reasonably good survival rates but only for a small infarction. The model of small MI using a coronary ameroid constrictor (model MRI-2.50-TI; Research Instruments SW) has also demonstrated moderate SCD rates (6,8-13-15) , but the animals develop primarily chronic ischemia or hibernating myocardium, without a significant amount of scar tissue. Thus, the limitations of current models are that the infarcted region is small and that the hearts are not developing a clinical picture of CHF with global LV dysfunction, LV dilatation, and remodeling.
On the other hand, Shen et al. (16) developed an experimental pig model of MI and heart failure. Sequential ligation of distal and proximal coronary arteries was used to establish MI with a reasonable survival rate, and pacing tachycardia was used to achieve heart failure. However, this pig model was studied over only a short term (21 d) and required pacing tachycardia to cause CHF. There has been little evaluation of pathophysiology and no evidence of the presence of cardiac remodeling.
This aim of this study was to characterize the pig model of old MI. We first reinvestigated the technique of generating a pig model of relatively large MI causing global LV dysfunction and LV remodeling in segments remote from the infarcted region, by means of the sequential ligation of distal and proximal coronary arteries without the pacing procedures. We then evaluated the pathophysiologic characteristics of this animal model by comprehensively analyzing histology, LV volumes and LV function, myocardial perfusion response to adenosine, and perfusable tissue fractions (PTF) in the remote segment, using an advanced PET technique.
MATERIALS AND METHODS

Subjects
Male farm pigs, 3 mo old at the start of the study (weight range, 18-23 kg; mean weight 6 SD, 20 6 1.2 kg), were used. The animals were divided into 2 groups. Group A consisted of 7 pigs without any operation and was designated as the control group (average body weight, 26 6 2.4 kg). Group B consisted of 20 pigs that underwent occlusion using an ameroid constrictor (7); ligation of the distal left anterior descending coronary artery (LAD) was performed before the ameroid constrictor was used. Of the 16 pigs that survived for 4 mo after the operation, 7 underwent PET studies. The other 9 were assigned to tissue-regenerative projects. The average body weight of this group of 7 pigs was 42 6 8.2 kg at the time of the PET scan.
Animals were maintained and handled in accordance with guidelines for animal research (17) . The study protocol was approved by the local Committee for Laboratory Animal Welfare, National Cardiovascular Center, Osaka, Japan.
Permanent Occlusion Procedures
In group B, permanent occlusion was made at the proximal LAD using an ameroid constrictor (18) (Fig. 1) Ltd.]) were continuously infused using a syringe pump (Terufusion TE-3310N; Terumo). Then, the animals were fixed in a recumbent position so that the left thorax was exposed, and the outer layer of skin and muscles between the third and fourth ribs was dissected. The distance between the third and fourth ribs was widened with a rib spreader to allow a direct view of the left auricle and LAD. The pericardium was dissected along the LAD, from the upper part of the left auricle (;6 cm), to expose the myocardium around the LAD. The LAD on the proximal side, below the left auricle from the myocardium, was exfoliated for approximately 1 cm. A lidocaine hydrochloride jelly (Xylocaine jelly; Astra-Zeneca) was applied to anesthetize the area.
A complete ligation was first made on the distal LAD (no. 9), immediately after the second diagonal branch, using a suture (2-0; Nescosuture) approximately 20 min before the ameroid constrictor was fastened. An ameroid constrictor (COR-2.50-SS; Research Instruments) was then fastened using sutures as displayed in Figure 1 . To enhance the effect of the ameroid constrictor, 2 additional suture strings were loosely rounded at the site of the ameroid so that these strings were located between (below) the ameroid constrictor and arterial wall.
PET Procedures
After fasting overnight, the pigs were sedated with ketamine hydrochloride (20 mg/kg) and xylazine hydrochloride (2 mg/kg) by intramuscular injection. Anesthesia was induced and maintained with intravenous propofol (6 mg/kg/h) and vecuronium bromide (0.05 mg/kg/h). The animals were intubated and mechanically ventilated with a mixture of 25% oxygen and 75% nitrogen at 10 mL/kg plus 50 mL/stroke at 20 strokes/min. Catheters were placed in the femoral artery to monitor the arterial blood pressure and in the femoral vein to infuse H 2 15 O or 18 F-labeled FDG. Systolic and diastolic blood pressure, heart rate, and arterial blood gases were monitored.
A series of PET scans was obtained using an ECAT-HR tomograph (CTI Inc.). The blood-pool images were obtained after the animals inhaled 2.7 GBq of C 15 O gas (19) . Arterial blood samples were taken every minute during the C 15 O scan, and their radioactivity concentration in the whole blood was measured. Additional electrocardiogram-gated C 15 O images were obtained (16 gates). After 12-15 min of 15 O radioactivity decay, 7 dynamic H 2 15 O PET scans were acquired at intervals of 12-15 min. The first and the last scans were obtained without pharmacologic stress, and the second through sixth scans were obtained during intravenous infusion of adenosine (100, 200, 400, 600, and 800 FIGURE 1. Ligation of LV LAD. Distal LAD after second diagonal branch was ligated, and 30 min later ameroid constrictor was placed at proximal LAD. Two suture strings were inserted between ameroid constrictor and arterial wall to make occlusion complete. LCX 5 left circumflex artery.
[only for group A] mg/kg/min). The 6-min dynamic scan of 26 frames (12 · 5, 8 · 15, and 6 · 30 s) was started when radioactivity appeared in the right ventricle. Furthermore, another PET scan using 18 F-FDG was acquired using a euglycemic hyperinsulinemic clamp (20, 21) . For this study, insulin (4 mIU/kg/h) and glucose (5-8 mg/kg/min) were continuously infused over 2 h, and then approximately 111 MBq of 18 F-FDG was intravenously injected. The blood glucose was 109 6 10.6, 105 6 3.8, and 107 6 10.0 mg/dL at the time of 18 F-FDG injection. PET images were acquired dynamically for 60 min, and the images acquired during the last 30 min were used for further analysis. An additional electrocardiogram-gated scan was obtained for 30 min to estimate myocardial wall motion and wall thickening.
After the PET scans, coronary angiography was undertaken to confirm the occlusion of LAD. A portable angiographic camera (Digital Mobile Imaging System OEC Series 9800; GE Healthcare U.K. Ltd.) was used with the contrast medium (Omnipaque 300; Daiichi-Sankyo).
Histologic Analysis
At the end of the study, pentobarbital sodium was administered, and animals were euthanized. The animals' hearts were then excised and sliced at a thickness of 10 mm to correspond to PET images (22) . The slices were stained with Masson trichrome and hematoxylin and eosin. The surface area of the infarcted LV wall on the stained slices was calculated according to a previously describe procedure (22) . The length of the infarcted zone, including both transmural and nontransmural infarction, was measured on each of the stained slices along the LV wall. The defect surface area was then calculated as a summation of the defect length multiplied by the slice interval. The cell and microvascular structures were also analyzed. In particular, development of fibrosis, cell enlargement, and degeneration of the vascular network were visually estimated. The analysis was masked from the other analyses.
Data Analysis
The extravascular tissue density images (g/mL) were calculated by subtracting the C 15 O blood volume from the transmission images (23) . The relative images of myocardial blood flow (MBF) and water-PTF (g/mL) were also generated from the dynamic H 2 15 O images (22, 23) . The relative accumulation of 18 F-FDG was calculated using validated techniques (24) . The regions of interest were placed in the anterior wall and lateralanterior wall, which corresponded to the MI and normal-tissue regions, respectively. The regions of interest were then copied to other images, and the quantitative parameters of regional MBF (mL/min/g), PTF (g/mL), and arterial blood volume V a (mL/ mL) were calculated using nonlinear least-squares fitting as described previously (22, 23) . These calculations were done for all H 2 15 O PET studies to estimate baseline MBF and the adenosine-based responses both in MI and in non-MI regions.
The water-perfusable tissue index (PTI) (23, 25, 26) , which was defined as the fraction of water-perfusable tissue over total tissue, was calculated by dividing PTF by the extravascular tissue density images. This calculation was done for each myocardial region and compared between the infarcted anterior wall and normal posterior-lateral wall regions. The obtained values were also compared with control subjects.
The LV ejection fraction and cardiac output were evaluated by counting the total counts within the LV area from the typical electrocardiogram-gated C 15 O images shown in Figure 2 . The wall motion was analyzed using electrocardiogram-gated 18 F-FDG images. The wall motion score was divided into 4 levels (normal, 0; hypokinetic, 1; akinetic, 2; and dyskinetic, 3) and defined for the anterior wall and contralateral (lateral-posterior) wall regions.
The surface area of the infarcted LV wall on the 18 F-FDG and PTF images was calculated as described previously (22) . A significant defect was defined as a value less than 50% of that in the control region, which was defined in the contralateral region, indicating preserved 18 F-FDG, preserved PTF, and elevated MBF during adenosine. The myocardial midlines were then traced along the 50% of peak count boundary of the C 15 O blood volume images at each slice (22) . The surface area of the defect was calculated as a summation of the defect length multiplied by the slice interval. These defect surface areas were compared with those obtained from the stained slices.
All data were presented as mean 6 SD. Pearson correlation and linear regression analyses were used to evaluate relationships between the 2 values. A P value of less than 0.05 was considered statistically significant.
RESULTS
Survival Rates of Animal Groups
No adverse events were detected in group A; in group B, 4 pigs (20%) died within a month and an additional pig 1 mo after that. Thus, the total survival rate at 4 mo was 75% in group B. Severe arrhythmia occurred in all animals in group B during the operation. The arrhythmia and fibrillation, introducing the sudden cardiac death, were significantly suppressed at approximately 20 min after ligation of the distal LAD. Figure 3 displays the survival rates of the pigs that underwent the operation.
Of the pigs in group B that survived for 4 mo, 7 were selected for further characterization and imaging studies. These 7 animals were compared against the animals in group A, on which no operation was performed. The characteristics of the 2 groups at the time of the imaging studies are displayed in Table 1 . Because the animals in group B were allowed to grow after operation, they were larger at the time of the imaging studies.
Characteristics of Groups Table 1 shows the hemodynamic data for the animals in groups A and B. Compared with group A, group B showed a significantly reduced heart rate and diastolic blood pressure and, thus, rate-pressure product. In addition, the global LV ejection fraction measured with gated C 15 O PET in group B was significantly reduced (39% 6 16% [24%-59%] in group B vs. 66% 6 16% [46%-91%] in group A, P , 0.01). LV end-systolic volume in group B was significantly increased (31.4 6 9.2 cm 3 in group B vs. 15.2 6 9.4 cm 3 in group A, P , 0.01), and LV end-diastolic volume was also significantly increased (52.7 6 10.2 cm 3 in group B vs. 41.7 6 11.5 cm 3 in group A, P , 0.05). Increased end-systolic and end-diastolic volumes are also clearly visible in Figure 2 . Systolic blood pressure and diastolic blood pressure, as well as rate-pressure product, were reduced during adenosine study in both groups. Heart rate was increased in group A but not in group B. Other parameters such as hemoglobin concentration (g/dL), percentage saturation of arterial O 2 , PaCO 2 (mm Hg), and PO 2 (mm Hg) were not significantly different between the 2 groups. Table 2 shows detailed hemodynamic parameters and the results from the histologic analysis for each individual animal in group B. Wall motion score was reduced (akinesis-dyskinesis or 2-3) in the anterior wall, which includes the area of MI. The wall motion score was also reduced diffusely in all animals and indicated hypokinesis (grade 1) in the infarct-remote posterolateral wall. The coronary angiography demonstrated complete occlusion of the LAD in all animals in group B. As shown in Figure 4 , no clear collateral circulation existed.
Imaging Results
The myocardial perfusion (H 2 15 O) and metabolism ( 18 F-FDG) images at the mid ventricular plane and their corresponding slices after histochemical staining for the animals in group B are displayed in Figure 5 . In all animals, clear signs of MI were detected in the anterior wall. The surface area of the MI was 13.7 6 4.3 cm 2 , which corresponded to 27% 6 9% of the whole left ventricle. Both PTF and 18 F-FDG images visually agreed well with the stained slices. Moreover, the 18 F-FDG images agreed well with the qualitative PTF images in all animals. The spatial distribution and size of the developed MI are visually reproducible among the animals. Myocardial hypertrophy was visible in the wall regions remote from the infarcted area. In group B, the posterior-lateral wall thickness estimated from histochemical staining was 16 6 1 mm (Table 2) , which was significantly greater than that of group A (12 6 1 mm; Table 1 ) (P , 0.001).
Further analysis of the size of the infarcted region is displayed in Figure 5B . We excluded 1 animal whose 18 F-FDG PET images demonstrated high accumulation at the anterior LV area (and therefore a smaller value in the defect surface area), which was attributed to the adhesion or inflammation between the myocardial and chest walls. Thus, the defect area on histology showed intersubject variation of approximately 20%. The results of both 18 F-FDG and PTF image analysis and histochemical analysis agreed well (Fig. 5B) . Baseline and adenosine-stimulated MBF were also clearly blunted in the anterior wall in the animals in group B (Fig. 6A) . Interestingly, abnormally reduced adenosine flow response also was detected in the myocardial regions remote from the MI in group B, whereas the baseline flow values were normal.
Further analysis of myocardial PTF and PTI values-indices of PTF-revealed that these values were significantly reduced in the infarcted anterior wall in group B (Fig. 6B) . PTI was also moderately but significantly (;10%) reduced in the remote myocardial wall in group B.
Histologic Analysis
Histologic analysis did not show any signs of MI in group A, but transmural anterior wall MI was apparent in all animals in group B. Hypertrophy was detected in the posterior wall of group B in all animals. Multinuclear muscle cell breeding (Fig. 7A) and hyperplasia of blood vessels (Fig. 7B) were also visible in all animals in group B, mostly in the subendocardial regions. Denaturation necrosis with epicardial fibrous change and hypertrophy has also been seen in the lateral-posterior wall regions of group B (Fig. 7C) .
DISCUSSION
This study demonstrated that 75% of pigs with old MI generated by the 2 steps of LAD ligation survived more than 4 mo. Such a long survival has never, to our knowledge, been accomplished in any studies of pig heart disease. The size of MI reached approximately 27% of the whole left ventricle, causing the remodeling and global LV dilatation (significantly increased LV end-systolic and enddiastolic volumes) to be associated with reduced global LV function. PET with C 15 O and 18 F-FDG showed that regional LV wall motion was impaired not only in the infarcted region but also in the myocardial areas remote from the MI. PET also demonstrated reduced MBF reactivity in remote regions in addition to the infarct area. PTI was also reduced in the remote region, suggesting development of microscopic fibrosis. Moreover, other findings from histology indicated the existence of abnormalities in the noninfarcted area remote from the MI. These results indicate that this animal model may be close to human CHF after MI. Shen et al. (16) adopted additional pacing tachycardia in pigs after sequential coronary artery ligations and observed global LV dysfunction, claiming that CHF was introduced. The present study is similar to the study by Shen et al. (16) but is based on only sequential coronary artery obstructions accomplished with acute distal coronary artery occlusion followed by a chronic proximal coronary occlusion with an ameroid constrictor, causing similar LV dysfunction. Of note was the better survival rate (80% at 1 mo, 75% at 4 mo) demonstrated in the current report than in any previous report (6, (8) (9) (10) (11) (12) 14, 16) , including Shen et al. (73.3% at 21 d). In addition, it has not been confirmed whether such a good survival rate at 21 d could last more than 4 mo after producing global LV dysfunction with MI. Our preliminary experiment, independently performed on 69 farm pigs, demonstrated that when the proximal LAD was occluded by the ameroid constrictor alone, 45 pigs (65%) died within a month, and the total survival rate was 30% at 4 mo. This survival rate is significantly smaller than the rates from the present study.
The reason why animals with MI acquired such good survival is not fully understood. However, it was clearly observed that the ligation of the peripheral coronary artery before the gradual occlusion of the main trunk of the LAD apparently inhibited the fibrillation during the operation. This procedure is obviously effective at protecting against fatal arrhythmias. This preconditioning effect is supported by the experiments of Moses et al. (27) , in which ischemic preconditioning of the distal coronary artery protected cardiac muscle through a mechanism involving the potassium channels of mitochondria and myocytes. There may be contributions from other preconditioning factors (9, (28) (29) (30) that associate with increased tolerance of ischemia. Another mechanism could be associated with the modulation of sympathetic tone. It has been reported that regional heterogeneity in myocardial cellular mechanisms (responsible for myocardial cellular depolarization) and repolarization in hibernating myocardium (12) can induce ventricular fibrillation (9) . Inhibition of such heterogeneous myocardial cellular mechanisms or control of modulated sympathetic tone could be another possible explanation.
The present study used a gradual total occlusion of the proximal of LAD, as evidenced by the coronary angiography (Fig. 4) , and thus caused an MI of approximately 27% of the total myocardium. The global LV ejection fraction in group B was significantly reduced (39% vs. 66% in controls), showing that LV systolic function was impaired in group B. Both histology and PET had concordant findings. The baseline MBF in the MI area was reduced and was not responding to adenosine administration. This finding is reasonable because the infarcted tissue should have reduced capillary density, and the resistive vessels do not respond to any vasodilating stimulation. The physical extent and size of the MI were reproducible among the individual animals. This feature is important when this animal model is applied to evaluate various new pharmaceuticals or various regenerative therapeutic trials.
The noninfarcted myocardium developed clear signs of remodeling, such as hypokinesis, hypertrophy, and the accumulation of fibrotic tissue in the remote myocardial wall, and significantly decreased PTI values, a marker of residual fractionation of water-perfusable tissue. The baseline MBF was preserved, but reactivity to the adenosine was blunted, even at a maximum dose of 600 mg/kg/min. This reduced reactivity could be related to the degeneration of small arteries, possibly caused by enlargement of myocytes and development of moderate denaturation necrosis and fibrosis.
This study demonstrated that physiologic status and physical extent of MI can be evaluated using the noninvasive technique of PET. The defect surface area identified with 18 F-FDG was identical to that identified with PTF, and both agreed well with the results of histology. Furthermore, microscopic degeneration can be characterized as reduced reactivity of quantitative myocardial perfusion to adenosine. The PET-derived PTI, which is known to indicate the absolute fraction of non-scar tissue within the area (22), was reduced not only in the infarcted anterior wall but also in the remote region by 10%. As demonstrated in recent studies (31) (32) (33) (34) , the reduced PTI in a control region is thought to be caused by the development of microscopic fibrosis.
In this study, left-atrial and LV pressure analyses have not been measured, because the aims of this study were to create a long-survival pig model of MI and global LV dysfunction with remodeling, characterize this model using PET, and compare these parameters with histology before making a complete model of CHF after MI in pigs. One limitation of this study was that, because of technical reasons in our laboratory at the initiation of this study, it was difficult to measure left-atrial and LV pressures. 
